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Pt  nanoparticles  are  successfully  deposited  on  wormholelike  mesoporous  carbons  (WMCs)  using  a  pulse 
microwave-assisted  polyol  method.  WMCs  with  two  different  pore  diameters  are  used.  The  particle  size 
of  Pt  on  both  supports  is  identical,  about  3  nm.  It  has  been  found  that  Pt  utilization  efficiency  is  very  low 
when  the  pore  diameter  of  WMCs  (Dp)  is  equal  to  the  diameter  of  Pt  nanoparticles  (DPt).  However,  in 
the  case  that  Dp  is  more  than  twice  DPt,  the  electrochemical  surface  area  and  Pt  utilization  efficiency  are 
dramatically  enhanced,  and  in  turn,  hydrogen  electrooxidation  activity  is  greatly  improved. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  high  cost  of  Pt  and  its  scarce  resources  are  one  of  the  key 
issues  hindering  the  development  and  commercialization  of  proton 
exchange  membrane  fuel  cells  (PEMFCs).  To  address  this  problem, 
much  effort  has  been  devoted  to  reduce  Pt  loading  by  increasing 
Pt  utilization  [1,2].  The  Pt  utilization  enhancement  can  be  accom¬ 
plished  through  using  Pt  nanoparticles  which  can  increase  the 
surface-to-mass  ratio  and  adopting  conductive  supporting  mate¬ 
rials  with  high  specific  surface  area  and  desirable  porous  structure 
for  Pt  accessibility  [3-5].  However,  it  is  known  that  in  electrochem¬ 
ical  reactions,  not  all  the  geometric  surface  area  can  be  involved 
into  the  electrocatalysis.  Only  a  minority  of  Pt  nanoparticles  are 
electrochemically  active  while  a  majority  of  Pt  nanoparticles  are 
inaccessible  to  reactants  [6].  For  the  support  materials  of  electro¬ 
catalysts,  it  is  of  crucial  importance  to  provide  high  surface  area, 
excellent  electronic  conductivity,  and  suitable  pore  structure  for 
the  desirable  mass  transportation. 

As  known,  carbon  black  Vulcan  XC-72  is  the  commonly  used 
support  material.  However,  it  is  an  essentially  nonporous  material 
and  thus  has  a  low  surface  area,  leading  to  low  utilization  of  Pt 
catalysts  [7,8].  Recently,  some  porous  carbon  materials  with  high 
surface  area,  such  as  carbon  cryogel  with  Brunner-Emmett-Teller 
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(BET)  surface  area  of  517  m2g-1  [3]  and  PrO*  decorated  ordered 
mesoporous  carbon  with  BET  surface  area  of  1330  m2  g-1  [9],  have 
been  proven  to  be  good  support  materials  of  Pt  nanoparticles  for 
hydrogen  electrooxidation.  However,  there  are  few  studies  that 
specifically  focus  on  the  relationship  between  porous  carbon  sup¬ 
ports’  pore  diameter  and  Pt  nanoparticles’  activity  for  hydrogen 
electrooxidation. 

Herein  we  report  the  pore  size  dependence  of  accessibility  of 
Pt  nanoparticles  supported  on  wormholelike  mesoporous  carbons 
(WMCs)  with  two  types  of  pore  diameters  (DP)  as  follows:  (a) 
3.1  nm,  which  is  equal  to  the  diameter  of  Pt  nanoparticles  (DPt), 
and  (b)  8.5  nm,  which  is  more  than  twice  DPt.  We  found  that 
the  pore  size  effect  is  surprisingly  decisive  for  the  accessibility  of 
Pt  nanoparticles  and  consequently  their  utilization  efficiency  and 
electrocatalytic  activity. 


2.  Experimental 

WMCs  with  pore  diameter  of  3.1  and  8.5  nm  (denoted  as  WMC- 
FO  and  WMC-F4,  respectively)  [10]  were  adopted  as  the  porous 
carbon  support  model.  Their  corresponding  structure  parameters 
are  given  in  Table  1 .  WMCs  supported  Pt  catalysts  were  synthesized 
by  a  modified  pulse-microwave  assisted  polyol  method  [2].  The  Pt 
loading  was  20wt%  and  the  obtained  catalysts  were  denoted  as 
Pt/WMC-FO  and  Pt/WMC-F4.  In  order  to  check  whether  the  precur¬ 
sor  has  been  reduced,  we  measured  the  Pt  ion  concentration  in  the 
mother  solution  and  the  result  confirmed  that  the  chloroplatinic 
acid  was  completely  reduced. 
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Table  1 

Carbon  supports’  pore  structure  parameters  and  Pt  nanoparticles’  diameter  and  properties  for  Pt/WMC-FO  and  Pt/WMC-F4. 


Sample 

DP  (nm) 

SBETa  (m2  g”1) 

DPt  (nm) 

ScsA(m2  g-1) 

Sesa  (m2  g-1) 

0 Pt  (%) 

Pt/WMC-FO 

3.1 

1372 

3.1 

90.4 

3.5 

3.9 

Pt/WMC-F4 

8.5 

659 

3.1 

90.4 

89.9 

99.4 

Note :  DP  and  SBet  are  taken  from  [10]  and  DPt  is  obtained  from  XRD  results. 
a  Sbet:  BET  surface  area. 


The  prepared  catalysts  were  characterized  by  an  X-ray  diffrac¬ 
tometer  using  Cu  Ka  radiation  (A  =  0.1 5406  nm)  and  a  transmission 
electron  microscope  (TEM).  Electrochemical  measurements  were 
conducted  on  an  electrochemical  workstation  adopting  a  saturated 
calomel  electrode  (SCE)  and  a  Pt  foil  as  the  reference  electrode  and 
the  counter  electrode,  respectively.  The  working  electrode  was  a 
glass  carbon  (GC)  disk  electrode  (0  =  5.0  mm).  The  electrode  was 
prepared  by  mixing  10.0  mg  electrocatalyst,  1.8  mL  ethanol  and 
0.2  mL  Nation  solution  (5wt%).  The  catalyst  ink  was  then  quan¬ 
titatively  transferred  onto  the  surface  of  the  GC  electrode  and 
dried  to  obtain  a  catalyst  thin  film.  The  Pt  loading  was  maintained 
to  be  25.5  jxg  Ptcnrr2.  The  catalysts  were  tested  in  0.1  mol  L-1 
HC104,  deaerated  with  N2  for  electrochemical  surface  area  mea¬ 
surement  or  saturated  with  H2  for  hydrogen  electrooxidation. 
Without  specification,  the  potential  is  referred  to  the  reversible 
hydrogen  electrode  (RHE). 


3.  Results  and  discussion 

Fig.  1(a)  shows  the  X-ray  diffraction  (XRD)  results  of  Pt/WMC- 
FO  and  Pt/WMC-F4.  As  clearly  displayed,  both  samples  exhibit 
the  typical  characteristics  of  a  crystalline  Pt  face  centered  cubic 
(fee)  structure.  The  fitted  (2  2  0)  plane  (the  inset  of  Fig.  1(a)) 
was  used  to  calculate  the  average  Pt  particle  size  according  to 
Scherrer  formula,  with  the  average  particle  size  of  3.1  nm  in  both 
cases.  Such  a  particle  size  value  is  supported  by  their  TEM  images 
(~3nm,  Fig.  1(b)).  This  allows  one  to  eliminate  the  effect  of  Pt 
particle  size  and  thus  will  be  advantageous  for  the  investigation 
of  their  pore  diameter  effect  on  Pt’s  electrochemical  properties. 
Moreover,  it  can  be  seen  from  Fig.  1(b)  that  the  Pt  nanoparti¬ 
cles  are  uniformly  dispersed  on  the  pore  surface  of  both  WMCs. 
This  indicates  that  though  these  two  WMCs  have  different  pore 
size,  their  high  BET  surface  area  as  given  in  Table  1  provides 
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Fig.  1.  Physico-chemical  characterization  of  the  as-prepared  Pt  supported  on  wormholelike  mesoporous  carbon  materials  with  various  pore  size,  (a)  XRD  spectra  and  their 
corresponding  detailed  Pt  (2  2  0)  peaks  scanned  at  1°  min-1  and  (b)  TEM  images. 
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them  with  the  desirable  ability  to  disperse  Pt  nanoparticles  very 
well. 

Fig.  2  shows  the  cyclic  voltammetric  (CV)  results  of  Pt/WMC-FO 
and  Pt/WMC-F4  in  0.1  molL-1  HC104.  The  electrochemical  surface 
area  (SESA)  can  be  obtained  by  using  Eq.  (1)  from  the  integrated 
charge  in  the  hydrogen  adsorption  peak  area  in  the  CV  curves 
in  Fig.  2(a)  and  Pt  poly-crystallite  hydrogen  adsorption  constant 
(210  |jiCcm-2  Pt).  The  chemical  surface  area  (SCsa)  and  the  Pt  uti¬ 
lization  efficiency  {rj Pt)  can  be  calculated  using  Eqs.  (2)  and  (3), 
respectively  [11,12]. 

SEsa  [m2  Pt/mg  Pt]  =  charge  [p,C/cm2]/210  [fxC/cm2  Pt] 

x  Pt  loading  [mg/cm2]  x  104  (1) 

Scsa  =  6  x  104/(pDpt)  (2) 

*?Pt  (%)  =  Sesa/Scsa  x  100  (3) 

In  Eq.  (2),  Dpt  is  the  average  Pt  particle  size  in  A  (from  XRD  result) 
and  p  is  the  density  of  Pt  metal  (21 .4  g  cm-3 ). 

Based  on  the  experimental  results  and  above  equations,  the  cor¬ 
responding  SESa*  Sc sa  and  r] Pt  for  both  samples  are  obtained  and 
summarized  in  Table  1.  Clearly,  Pt/WMC-F4  has  an  electrochemical 
surface  area  of  89.9  m2  g-1 ,  about  26  times  as  big  as  that  of  Pt/WMC- 
FO.  Due  to  the  same  average  Pt  particle  size,  the  Pt  utilization 
efficiency  gives  the  same  tendency  as  the  electrochemical  surface 
area,  with  r]Pt  =  99.4%  for  Pt/WMC-F4  and  r/Pt  =  3.9%  for  Pt/WMC-FO. 


Fig.  2.  (a)  CV  curves  in  deaerated  0.1  mol  L_1  HC104  at  a  scan  rate  of  20  mV  s_1 ,  and 
(b)  hydrogen  electrooxidation  polarization  curves  in  H2  saturated  0.1  mol  L-1  HC104 
over  Pt/WMC-FO  and  Pt/WMC-F4  at  a  scan  rate  of  5  mV  s_1 . 


Fig.  3.  Plots  of  the  anodic  peak  current  density  against  the  square-root  of  the  scan 
rate  for  the  hydrogen  electrooxidation  on  Pt/WMC-FO  and  Pt/WMC-F4  in  0.1  mol  L_1 
HC104. 


This  suggests  that  the  pore  diameter  of  WMCs  has  a  decisive  effect 
on  the  electrochemical  surface  area  and  Pt  utilization. 

Fig.  2(b)  gives  the  hydrogen  electrooxidation  polarization 
curves  for  Pt/WMC-FO  and  Pt/WMC-F4,  obtained  in  H2  saturated 
0.1  mol  L-1  FICIO4  at  a  scan  rate  of  1 0  mV  s-1  with  the  rotation  speed 
of  1600  rpm.  Along  with  the  potential  increment,  the  correspond¬ 
ing  current  increases  significantly  and  reaches  a  limiting  value.  By 
comparing  these  two  curves,  it  can  be  clearly  seen  that  Pt/WMC-F4 
displays  higher  current  density  than  Pt/WMC-FO. 

For  the  investigation  of  the  pore  diameter  effect  of  WMCs  on 
the  mass  transportation,  the  relationship  between  the  peak  cur¬ 
rent  density  (/p)  and  the  square-root  of  the  scan  rate  (mVs-1)1/2 
for  hydrogen  electrooxidation  over  Pt/WMC-FO  and  Pt/WMC-F4  is 
plotted  and  displayed  in  Fig.  3.  One  can  distinguish  that,  in  both 
cases,  there  is  an  approximately  linear /p  oc  p1/2  relationship,  typical 
of  an  electrochemical  reaction  under  diffusion  control.  The  obvious 
bigger  peak  current  density  at  various  scan  rates  features  the  higher 
activity  of  hydrogen  electrooxidation  over  Pt/WMC-F4  with  respect 
to  Pt/WMC-FO. 


Dp  =  Dpi  Dp>  2DP( 

jf  WMC 

0  Accessible  Pt  nanoparticle 
O  Inaccessible  Pt  nanoparticle 

Fig.  4.  A  scheme  of  the  effect  of  pore  diameter  of  WMCs  support  materials  on  the 
accessibility  of  Pt  nanoparticles. 
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These  above  results  can  be  explained  as  follows  (see  Fig.  4):  In 
the  case  of  Pt/WMC-FO,  the  diameter  of  Pt  nanoparticles  is  just  equal 
to  carbon  support  WMC-FO’s  pore  size,  as  a  result  of  which,  the  two 
Pt  nanoparticles  at  both  top  and  bottom  of  every  pore  will  block 
the  pore  and  thus  the  inner  Pt  nanoparticles  in  this  pore  will  be 
inaccessible  to  both  electrolyte  and  reactant  (H2).  Without  doubt, 
Pt  nanoparticles  in  such  a  carbon  support  will  have  very  low  elec¬ 
trochemical  surface  area  as  well  as  Pt  utilization,  thus  leading  to 
inferior  hydrogen  electrooxidation  activity.  In  the  other  case  of 
Pt/WMC-F4,  the  pore  diameter  is  more  than  twice  Pt  nanoparti¬ 
cles.  As  a  result,  the  Pt  nanoparticles  supported  on  each  side  of 
pores  are  unable  to  contact  each  other,  and  in  this  way  the  afore¬ 
mentioned  pore  blockage  will  not  occur  in  this  case  of  Dp>2Dpt, 
resulting  in  the  excellent  accessibility  of  Pt  nanoparticles.  This  con¬ 
sequently  gives  much  larger  electrochemical  surface  area  and  much 
higher  Pt  utilization  efficiency,  thus  leading  to  superior  hydrogen 
electrooxidation  activity. 

4.  Conclusions 

Based  on  the  above  results,  it  can  be  concluded  that  the  dif¬ 
ferent  pore  diameter  of  WMCs  displays  a  significant  effect  on  the 
accessibility  of  Pt  nanoparticles.  In  the  case  of  DP  =  DPt,  Pt  nanoparti¬ 
cles  have  poor  accessibility,  resulting  in  very  small  electrochemical 
surface  area,  very  low  Pt  utilization  efficiency,  and  inferior  hydro¬ 
gen  electrooxidation  activity.  Comparatively  speaking,  in  the  case 
of  Dp>2Dpt,  the  accessibility  of  Pt  nanoparticles  can  be  greatly 
increased,  and  thus,  both  the  electrochemical  active  surface  area 
and  Pt  utilization  are  significantly  enhanced.  This  consequently 
improves  the  hydrogen  electrooxidation  activity.  Considering  that 


supported  catalysts  have  been  widely  used  in  modern  chemi¬ 
cal  engineering  and  scientific  research,  we  hope  that  the  concept 
introduced  in  this  paper  can  be  further  extended  to  other  porous 
support  materials  for  loading  various  metal  nanoparticles  other 
than  Pt. 
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